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Description

FIELD OF THE INVENTION

[0001] The present invention relates to a process for the production of ethylene glycol.

BACKGROUND TO THE INVENTION

[0002] Alkylene glycols, such as ethylene glycol, are bulk chemicals that can be used in a wide variety of applications.
They can be used as monomer in the preparation of polyesters, such as poly(ethylene terephthalate), poly(ethylene
naphthenate) or poly(ethylene furandicarboxylate), but ethylene glycol can also be used for example in heat transfer
media and anti-freeze compositions.
[0003] Recently, increased efforts are being made to produce alkylene glycols from sustainable resources, such as
carbohydrates. By enabling the preparation of alkylene glycols, such as ethylene glycol, from sustainable resources,
the dependence of fossil fuel resources is advantageously reduced.
[0004] In their article titled "From microcrystalline cellulose to hard- and softwood-based feedstocks: their hydroge-
nolysis to polyols over a highly efficient ruthenium-tungsten catalyst", published on 20 March 2015 in vol. 17 (5) of Green
Chemistry, Fabicovicová et al describe the hydrogenolysis of cellulosic materials to ethylene glycol with a bifunctional
catalyst, Ru/W/AC, comprising ruthenium and tungsten on activated carbon. The bifunctional Ru/W/AC catalyst was
prepared by impregnating an activated carbon material with an aqueous solution of ammoniummetatungstate hydrate
followed by drying. Hereafter the precatalyst W/AC was obtained, that was impregnated with an aqueous solution of
ruthenium nitrosyl nitrate followed by drying and reduction in a hydrogen flow, giving the final Ru/W/AC catalyst. Recycling
tests of the Ru/W/AC catalyst were performed in order to test the stability of this catalyst. The bifunctional Ru/W/AC
catalyst was used for the hydrogenolysis of cellulose during a period of 3 hours at 493 K (corresponding to about 220
°C). Hereafter the product solution was filtered and the catalyst was washed with deionized water and dried at 383 K
under an air atmosphere. After drying the catalyst was scraped from the filter, reweighed and recovered for the next run.
Fabicovicová et al. state that the Ru/W/AC catalyst maintained its stability during six cycles. In the last (seventh) run,
i.e. after 21 hours, the yield of polyols decreased to 46.4% and the product distribution differed significantly.
[0005] To elucidate the performance of the heterogeneous Ru/W/AC catalyst in the light of the interplay of soluble
hydrogen tungsten bronze (HxWO3), the reaction with Ru/W/AC catalyst containing 36.7% of tungsten was compared
with a reaction with Ru/AC and tungsten acid (H2WO4). It was concluded that the yield of ethylene glycol was greater
if the heterogeneous Ru/W/AC catalyst was used. The use of a combination of Ru/AC and H2WO4 resulted in a lower
production of ethylene glycol and a higher production of sorbitol. Hence, Fabicovicová et al. focused on using a heter-
ogeneous bifunctional Ru/W/AC catalyst.
[0006] US4072628 describes a process for regenerating a supported ruthenium catalyst, especially a ruthenium-
containing zeolite catalyst, which has been used to convert a carbohydrate to a polyhydric alcohol in the presence of
hydrogen under elevated pressure at a temperature in the range of about 100°C to about 200°C. The process comprises
separating the catalyst from the reaction medium and contacting the catalyst with a dilute aqueous solution of a water
soluble acid, such as sulfuric acid, hydrochloric acid and phosphoric acid. The ruthenium is present as the free metal
finely dispersed on the surfaces of the zeolite, which serves both as a support and as an acid catalyst for the hydrolysis
of polysaccharides. US4072628 teaches the need for a certain acidity and mentions that alkali metal ions such as sodium
are detrimental to catalyst activity. In the examples illustrating the re-use of the catalyst for the conversion of carbohy-
drates, however, mostly sorbitol is produced and no alkylene glycols such as ethylene glycol or propylene glycol are
prepared.
[0007] WO2016/114661 describes a continuous process for preparing ethylene glycol from a carbohydrate source by
reaction of the carbohydrate source with hydrogen. In the process hydrogen, the carbohydrate source and a liquid diluent
are continuously fed into a continuous stirred tank reactor (CSTR) wherein a catalyst system is present. The described
catalyst system comprises a tungsten compound and at least one hydrogenolysis metal selected from the groups 8, 9
or 10 of the Periodic Table of the Elements. WO2016/114661 describes that continuously a product mixture comprising
ethylene glycol and diluent is removed from the continuous stirred tank reactor; and further continuously or periodically
at least a tungsten compound is added to the continuous stirred tank reactor. WO2016/114661 further explains that if
and to the extent that any hydrogenolysis catalyst is removed from the CSTR during the reaction, such maybe comple-
mented by periodical or continuous addition thereof to the CSTR.
[0008] In its examples WO2016/114661 illustrates interesting results with selectivity’s towards ethylene glycol as high
as about 60 wt. %, calculated as the weight percentage in the reactor effluent divided by the amount of grams glucose
being introduced into the CSTR. The runtime in the experiments, however, did not exceed 7 hours. WO2016/114661
mentions that humins may be formed which accelerate the deactivation of the catalyst and that accordingly the glucose
conversion is decreased over time. CN 102643165 B (in machine translation) discloses a continuous reaction process
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for catalyzing the hydrocracking of sugars to produce ethylene glycol and 1,2 propylene glycol in a reactor.
[0009] The soluble catalyst components are partially recycled back to the reactor. US 2011/313210 relates to a catalytic
process for generating at least one polyol from a feedstock comprising cellulose is performed in a continuous manner.
The process involves, contacting, continuously, hydrogen, water, and a feedstock comprising cellulose, with a catalyst
to generate an effluent stream comprising at least one polyol, water, hydrogen, and at least one co-product. The water,
hydrogen, and at least one co-product are separated from the effluent stream and recycled to the reaction zone. The
polyol is recovered from the effluent stream. The process may further comprise separating catalyst from the effluent
stream and recycling the catalyst to the reaction zone. WO 2017/055289 discloses a process for the preparation of
glycols from a saccharide-containing feedstock using a catalyst component with retro-aldol catalytic capabilities and a
first hydrogenation catalyst comprising an element selected from groups 8, 9 and 10 of the periodic table. The process
may further comprise separating catalyst from the effluent stream and recycling the catalyst to the reaction zone.
[0010] It would be an advancement in the art to provide a process for the preparation of ethylene glycol from a
carbohydrate source, that would allow for a prolonged runtime with an economically interesting selectivity towards
ethylene glycol.

SUMMARY OF THE INVENTION

[0011] Such a process has been obtained with the process according to the invention. Accordingly the present invention
provides a process for the preparation of ethylene glycol from a carbohydrate source including the steps of:

(i) reacting, in a reactor, at a temperature in the range from equal to or more than 170°C to equal to or less than
270°C, at least a portion of a carbohydrate source in the presence of hydrogen, a solvent, a homogeneous catalyst,
which homogeneous catalyst contains tungsten, and a heterogeneous catalyst, which heterogeneous catalyst con-
tains one or more transition metals from groups 8, 9 and 10 of the Periodic Table of the Elements, yielding ethylene
glycol and a spent heterogeneous catalyst;
(ii) regenerating the spent heterogeneous catalyst by removing at least a portion of deposited tungsten species from
the spent heterogeneous catalyst, yielding a regenerated heterogeneous catalyst; and
(iii) using at least a portion of the regenerated heterogeneous catalyst as heterogeneous catalyst in the reaction of
step (i), wherein at least a portion of the deposited tungsten species is removed from the spent heterogeneous
catalyst by washing of the spent heterogeneous catalyst with a washing liquid, wherein the washing liquid comprises
or consists of ethylene glycol, propylene glycol, butylene glycol or a mixture thereof.

[0012] The above process advantageously allows one to operate the process for the production of ethylene glycol for
a prolonged period of time with an economically interesting selectivity towards ethylene glycol. The process according
to the invention may advantageously have a runtime of equal to or more than 50 hours and even equal to or more than
100 hours.
[0013] WO2016/114661 mentioned the believe that hexavalent tungsten may be reduced to pentavalent tungsten in
the reducing atmosphere that is created in the reaction zone by means of the presence of hydrogen and carbohydrates.
Without wishing to be bound to any kind of theory, inventors now believe that the heterogeneous catalyst, comprising
one or more transition metals from groups 8, 9 and 10 of the Periodic Table of the Elements, is important in catalyzing
such reduction of hexavalent tungsten to pentavalent tungsten. It is further believed that, if operated for a prolonged
period of time, an increasing amount of tungsten species can deposit onto the surface of the heterogeneous catalyst,
increasingly preventing the heterogeneous catalyst from catalyzing the hydrogenation of alkylene glycol precursors to
alkylene glycol, resulting in a decrease in selectivity towards ethylene glycol.
[0014] The discovery of this previously unrecognized problem caused the inventors to recognize the need for the
removal of deposited tungsten species from the heterogeneous catalyst.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The invention is illustrated by the following figures:
Figure 1 shows a process according to the invention operated in a continuously stirred tank reactor with an ex-situ
removal of deposited tungsten species from the spent heterogeneous catalyst to generate a regenerated heterogeneous
catalyst and a recycle of regenerated heterogeneous catalyst.

DETAILED DESCRIPTION OF THE INVENTION

[0016] Preferably step (i) is preceded by a step wherein the carbohydrate source, the solvent, hydrogen and the
homogeneous catalyst are provided to the reactor. If not already present (for example in a fixed bed reactor) also a
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heterogeneous catalyst, which heterogeneous catalyst contains one or more transition metals from groups 8, 9 and 10
of the Periodic Table of the Elements, can be provided to such reactor.
[0017] By a carbohydrate source is herein understood a source of carbohydrates. The carbohydrate source can be
selected from a variety of sources. Preferably, the carbohydrate source comprises one or more carbohydrates chosen
from the group consisting of polysaccharides, oligosaccharides, disaccharides, monosaccharides and mixtures thereof.
[0018] Suitable examples may include, preferably sustainable, sources of carbohydrates such as cellulose, hemicel-
lulose, starch, sugars, such as sucrose, mannose, arabinose, fructose, glucose and mixtures thereof. Carbohydrate
sources that contain the above carbohydrates may include dextrose syrups, maltose syrups, sucrose syrups, glucose
syrups, crystalline sucrose, crystalline glucose, wheat starch, corn starch, potato starch, cassava starch, and other
carbohydrate containing streams, for example paper pulp streams, wood waste, paper waste, agricultural waste, cellulosic
residues recovered from municipal waste, paper, cardboard, sugar cane, sugar beet, wheat, rye, barley, corn, rice,
potatoes, cassava, other agricultural crops and combinations thereof. These streams may require pre-treatment to
extract the carbohydrates (for example wet milling in the case or corn) or to remove components that interfere with the
current process such as basic fillers (for example the removal of calcium carbonate in waste paper). In this way the
process according to the invention can use natural sources, but can also be used to upgrade and usefully re-use waste
streams. Preferably, the carbohydrates in the carbohydrate source are chosen from the group consisting of cellulose,
hemicellulose, starch, glucose, sucrose, glucose-oligomers and combinations thereof. Since cellulose presents difficul-
ties that are absent in other carbohydrate sources, the carbohydrate source is most preferably selected from the group
consisting of starch, hemicelluloses and hemicellulosic sugars, glucose and mixtures thereof. Most preferably the car-
bohydrate source comprises or consists of glucose, fructose, sucrose or a combination thereof.
[0019] Suitably, the carbohydrate source can be provided to the reactor together with at least part of a solvent. More
preferably, the carbohydrate source is partially or wholly dissolved in such a solvent. Preferences for such solvent are
provided below. The solvent can for example be an aqueous medium, an organic medium including alkylene glycols, or
a mixture containing water, diols and/or other polyols. Many carbohydrates are soluble in water or a mixture containing
water, diols and/or other polyols. The carbohydrate source can also be provided to the reactor in the form of a slurry.
Examples of such slurries include aqueous mixtures of water and hemicellulose, hemicellulosic sugars, glucose and/or
starch.
[0020] The present process advantageously allows for the provision to the reactor of a very concentrated feed stream
containing the carbohydrate source. When employing such a concentrated feed stream the process economics benefit.
Such a feed stream may suitably comprise the carbohydrate source and a solvent, for example water and/or diols and/or
other polyols.
[0021] Preferably the carbohydrate source is provided to the reactor by a feed stream containing the carbohydrate
source and a solvent, wherein such feed stream preferably contains in the range from equal to or more than 1.0 wt. %
(weight percent), preferably equal to or more than 2.0 wt. %, more preferably equal to or more than 5.0 wt. %, even
more preferably equal to or more than 10.0 wt. %, and still more preferably equal to or more than 20.0 wt. % of carbohydrate
source to equal to or less than 90.0 wt. %, preferably equal to or less than 70.0 wt. % and more preferably equal to or
less than 50.0 wt. % of carbohydrate source, based on the total weight of the carbohydrate source and solvent. A feed
stream containing carbohydrate source within this concentration range can suitably be easily transported. The feed
stream can also consist of only (100 wt. %) carbohydrate source.
[0022] For practical purposes the carbohydrate source can be provided to the reactor by a feed stream containing the
carbohydrate source and a solvent, wherein such feed stream contains in the range from equal to or more than 2.0 wt.
%, more preferably equal to or more than 10.0 wt. %, to equal to or less than 50.0 wt. %, more preferably to equal to or
less than than 30.0 wt. % of carbohydrate source, based on the total weight of the carbohydrate source and solvent.
Most preferably a feed stream containing or consisting of carbohydrate source and solvent is provided to the reactor,
wherein such feed stream contains in the range of equal to or more than 20.0 wt. % to equal to or less than 50.0 wt. %,
more preferably equal to or less than 30.0 wt. % of carbohydrate source, based on the total weight of the carbohydrate
source and solvent. It is believed that such a feedstream containing equal to or more than 20.0 wt. % of carbohydrate
source can make the process economically more attractive. Such solvent may comprise any of the solvents mentioned
below, but is preferably water. Most preferably the carbohydrate source is provided to the reactor by a feed stream
containing the carbohydrate source and water, wherein such feed stream contains in the range from equal to or more
than 2.0 wt. % to equal to or less than 30.0 wt. % of carbohydrate source, based on the total weight of the carbohydrate
source and water.
[0023] Preferably the carbohydrate source is continuously or periodically added to the reactor. Preferably the carbo-
hydrate source is provided to the reactor under a blanket of inert gas, such as nitrogen.
[0024] Solvent can be supplied as part of a feed stream comprising carbohydrate source, as described above. It is
also possible for the solvent to be provided to the reactor separately or independently from the carbohydrate source.
[0025] Preferably a feed stream is used containing the carbohydrate source and solvent. The concentration of carbo-
hydrate source in such a feed stream may suitably be adjusted such that sufficient solvent is provided to the reactor.
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[0026] The solvent is preferably selected from the group consisting of water and optionally, one or more of the above-
mentioned organic solvents, such as diols and/or other polyols; and mixtures thereof. Suitably the solvent can be a
mixture of water and one or more organic solvents. Alkanols are preferred as organic solvent. Such alkanols can be
mono-alkanols, preferably water-miscible mono-alkanols, such as methanol, ethanol, propanol, butanol and mixtures
thereof. For the process according to the invention, such light mono-alkanols are, however, less preferred. The alkanol
can also be a water-miscible diol or other polyol, e.g. ethylene glycol, propylene glycol, butylene glycol, glycerol, xylytol,
sorbitol or erythritol. By a diol is herein understood an organic compound comprising two hydroxyl groups. Preferably
the solvent comprises an alkylene glycol. Examples of preferred alkylene glycols include ethylene glycol, propylene
glycol, butylene glycol and mixtures thereof. The use of alkylene glycol is especially advantageous as it has been found
that diols and/or polyols, including alkylene glycols, facilitate the dissolution of tungsten or a tungsten compound into
the solvent, thereby promoting the catalytic activity of the tungsten or tungsten compound. It has further been found that
the selectivity of the reaction to alkylene glycols is enhanced by the use of alkylene glycol as component in the solvent.
Without wishing to be bound by any theory, it is believed that tungsten forms complexes with alkylene glycol whereby
the conversion to by-products is reduced. Moreover, the use of an alkylene glycol as solvent does not involve the
introduction of an extraneous reagent into the reaction mixture, which represents a further advantage. Preferably the
solvent comprises or consists of water, one or more alkylene glycols, one or more alkanols, optionally one or more
polyols, or a mixture of two or more thereof.
[0027] Preferably the solvent is continuously or periodically added to the reactor. At the same time a portion of the
solvent may be continuously or periodically withdrawn from the reactor.
[0028] The hydrogen can be provided to the reactor as substantially pure hydrogen. Alternatively, the hydrogen may
be supplied in the form of a mixture of hydrogen and an inert gas. The inert gas can suitably be selected from nitrogen,
argon, helium, neon and mixtures thereof. The volume ratio of hydrogen to the inert gas may vary between wide ranges.
Suitably, the volume ratio is not very low, since the reaction proceeds well when the hydrogen partial pressure is
sufficiently high. Accordingly, the volume ratio between hydrogen and the inert gas may be from 1:1 to 1:0.01. More
preferably, only hydrogen is used as gas in the process according to the invention.
[0029] The total pressure during the reaction comprises the vapour pressure of the solvent and the reactants at the
temperature and pressure applied, in addition to the partial pressure of the hydrogen and, if present, the partial pressure
of any inert gas. Preferences for the total pressure are provided below.
[0030] Hydrogen can suitably be provided via a dip tube, for example a dip tube close to an agitator, or via a distributor,
for example a sparger, to the reactor. Via such dip tube or distributor and optionally via one or more stirring mechanisms,
hydrogen can be dissolved in the reaction mixture. Preferably the hydrogen is continuously or periodically added to the
reactor.
[0031] The homogeneous catalyst and heterogeneous catalyst are together herein also referred as the catalyst system.
[0032] The homogeneous catalyst contains tungsten and is herein also referred to as tungsten-comprising homogenous
catalyst.
[0033] The tungsten can be present as elemental tungsten or as a tungsten compound. Such a tungsten compound
can for example be a tungstic acid or a tungstate salt. The homogeneous catalyst can suitably contain one or more
tungsten compounds. The tungsten or tungsten compound(s) can suitably be dissolved in the reaction mixture. Preferably,
the tungsten has an oxidation state of at least +2. More preferably the tungsten has an oxidation state of +4, +5 or +6.
When dissolved in the solvent, or respectively the reaction mixture, the dissolved tungsten or dissolved tungsten com-
pound may form complexes with (other) components of the solvent, or respectively the reaction mixture.
[0034] The homogeneous catalyst provided to the reactor can be freshly made homogeneous catalyst or recycled
homogeneous catalyst. Freshly made homogeneous catalyst is herein also referred to as "virgin" homogeneous catalyst.
Such virgin homogeneous catalyst is preferably selected from the group consisting of tungstic acid (H2WO4) and tungstate
compounds, such as tungstic salts, for example comprising at least one Group 1 or 2 element, for example sodium
tungstate (Na2WO4) or potassium tungstate (K2WO4) or for example comprising ammonium tungstate. It is also possible
to use a combination of one or more of these.
[0035] Suitably the homogeneous catalyst provided to the reactor can contain recycled homogeneous catalyst or a
combination of virgin homogeneous catalyst and recycled homogeneous catalyst. That is, the homogeneous catalyst
provided to the reactor in the current invention can contain or consist of recycled tungsten species recovered, directly
or indirectly (for example via a distillation), from the effluent of the reactor.
[0036] Any recycled homogeneous catalyst may contain tungsten as a complex with components from the solvent in
which such homogeneous catalyst may be dissolved. The recycled homogeneous catalyst may therefore suitably com-
prise tungsten in a form derived from a precursor tungsten compound, such as the above virgin homogeneous catalyst,
as originally provided.
[0037] Preferably the homogeneous catalyst contains a tungsten compound or tungsten derived from a tungsten
compound, wherein such tungsten compound is selected from the group consisting of tungstic acid (H2WO4), tungsten
bronze (present as HxWO3 or MxWO3, wherein x is a variable smaller than 1 (<1) and M is a metal, for example an alkali
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or alkali earth metal), ammonium tungstate, ammonium metatungstate, ammonium paratungstate, tungstate compounds
comprising at least one Group 1 or 2 element, metatungstate compounds comprising at least one Group 1 or 2 element,
paratungstate compounds comprising at least one Group 1 or 2 element, tungsten oxide (WO3), heteropoly compounds
of tungsten, and combinations thereof. Tungstic acid (H2WO4), tungsten bronze (HxWO3) and tungstate compounds
comprising at least one Group 1 or 2 element, for example sodium tungstate (Na2WO4) or potassium tungstate (K2WO4),
are preferred. Most preferably the homogeneous catalyst contains a tungsten compound or tungsten derived from a
tungsten compound, wherein such tungsten compound is sodium tungstate and/or tungstic acid and/or tungsten bronze.
[0038] It has been found that the catalytic activity of the tungsten or tungsten compound advantageously increases if
the tungsten or suitably the tungsten compound is dissolved. Preferably the homogeneous catalyst is continuously or
periodically added to the reactor. Preferably such homogeneous catalyst that is continuously or periodically added
contains tungsten that has an oxidation state of at least +2. Preferably the homogeneous catalyst is chosen from the
group consisting of tungstic acid (H2WO4), tungsten bronze (HxWO3), sodium tungstate, a dissolved tungstate ion, a
dissolved metatungstate ion and a dissolved paratungstate ion.
[0039] As the tungsten can be present in so many forms, the tungsten and/or tungsten compounds are herein also
referred to as tungsten species. By a tungsten species is herein understood any compound containing or consisting of
tungsten element in any kind of form or oxidation state.
[0040] When (partly) oxidized, the tungsten species is herein also referred to as tungstate species. By a tungstate
species is herein understood any compound comprising a tungstenoxide bond. Examples of tungstate species include
tungsten dioxide and tungsten trioxide and tungsten bronze.
[0041] Preferably the homogeneous catalyst is dissolved in a solvent. Such solvent can be any solvent as described
above. The composition of the solvent may vary during the process. Whilst the reaction is carried out in the reactor, the
solvent may be formed by the reaction mixture itself.
[0042] The amount of tungsten, calculated as metal, that is provided to the reactor is preferably such that the concen-
tration thereof in the reactor is maintained substantially constant. By substantially constant is herein understood that the
difference between the highest and the lowest amounts of tungsten, calculated as metal, does not vary more than 10%
from the average amount of tungsten in the reactor. Preferably the process according to the invention is a continuous
or semi-continuous process. Preferably a tungsten species is continuously or periodically added to the reactor. At the
same time a portion of the tungsten species inside the reactor may be continuously or periodically withdrawn from the
reactor, suitably via the reactor product stream. Whereas it is feasible to add tungsten periodically, it is preferred to
provide for a continuous addition of tungsten to the reactor. More preferably tungsten is added to the reactor as a solution
of tungsten species in the solvent.
[0043] Preferably the concentration of tungsten species in the reaction mixture during the reaction ranges from equal
to or more than 0.01 wt. % (corresponding to 100 parts per million by weight (ppmw)) to equal to or less than 10.0 wt.
% of tungsten (calculated as tungsten metal), based on the total weight of the reaction mixture. More preferably the
concentration of tungsten species in the reaction mixture during the reaction ranges from equal to or more than 0.01 wt.
%, preferably equal to or more than 0.05 wt. %, to equal to or less than 5.0 wt. %, to equal to or less than 1.0 wt. %, or
even equal to or less than 0.5 wt. %, of tungsten (calculated as tungsten metal), based on the total weight of the reaction
mixture.
[0044] The heterogeneous catalyst contains one or more transition metals from groups 8, 9 and 10 of the Periodic
Table of the Elements. The transition metal(s) can be selected from a wide range of transition metals. Preferably the
one or more transition metal(s) is/are selected from the group consisting of Cu, Fe, Ni, Co, Pt, Pd, Ru, Rh, Ir, Os and
combinations thereof. More preferably the one or more transition metal(s) is/are selected from the group consisting of
Ni, Pd, Pt, Ru, Rh, Ir and combinations thereof. Most preferred are nickel, ruthenium and combinations thereof. It has
been found that these metals give good yields. The transition metal can suitably be present in its metallic form or as its
hydride or oxide or as another compound. As explained below, it is also possible for the transition metal to be present
in a partly tungstated form.
[0045] The heterogeneous catalyst preferably comprises one or more transition metals from groups 8, 9 and 10 of the
Periodic Table of the Elements, supported on a carrier. The carrier may be selected from a wide range of known carrier
materials. Suitable carriers include activated carbon (also referred to as "active carbon"), silica, zirconia, alumina, silica-
alumina, titania, niobia, iron oxide, tin oxide, zinc oxide, silica-zirconia, zeolitic aluminosilicates, titanosilicates, magnesia,
silicon carbide, clays and combinations thereof. By activated carbon is herein understood an amorphous form of carbon
with a surface area of at least 800 m2/g. Such activated carbon suitably has a porous structure. Most preferred carriers
are activated carbon, silica, silica-alumina and alumina. Even more preferably, the catalyst comprises ruthenium and/or
nickel as the transition metal and activated carbon as the carrier. Most preferably the heterogeneous catalyst contains
ruthenium and/or nickel supported on activated carbon. Most preferably the heterogeneous catalyst contains ruthenium,
preferably supported on activated carbon.
[0046] The heterogeneous catalyst can for example be present as an emulsion, a slurry or as a fixed bed. Preferably
the heterogeneous catalyst comprises in the range from equal to or more than 1.0 wt. %, more preferably equal to or
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more than 2.0 wt. %, still more preferably equal to or more than 5.0 wt. %, to equal to or less than 50.0 wt. %, more
preferably equal to or less than 20.0 wt. % of transition metal, on the basis of the total weight of transition metal and carrier.
[0047] It is possible for the heterogeneous catalyst to comprise more than one metal. Suitably, the heterogeneous
catalyst can comprise at least one noble metal, selected from the group consisting of Pd, Pt, Ru, Rh and Ir, in combination
with a second transition metal selected from the group of transition metals from groups 8, 9 or 10 of the Periodic Table
of the Elements. The heterogeneous catalyst can for example comprise a combination of metals, for example Ni/Ir, Ni/Pt,
Ni/Pd, Ni/Ru, Ru/lr, Ru/Pt or Ru/Pd.
[0048] As explained in more detail below, it is believed that during the reaction tungsten species can become deposited
onto the heterogeneous catalyst. Therefore at least a portion of the heterogeneous catalyst can contain tungsten in
addition to the one or more transition metals from groups 8, 9 and 10 of the Periodic Table of the Elements.
[0049] Preferably the process according to the invention is a continuous or semi-continuous process. In such a con-
tinuous or semi-continuous process a slurry of heterogeneous catalyst, for example together with solvent, can be peri-
odically or continuously added to the reactor. Preferably such a slurry of heterogeneous catalyst comprises in the range
from equal to or more than 5 wt. % to equal to or less than 90 wt. %, more preferably equal to or less than 70 wt. %,
most preferably equal to or less than 50 wt. % of heterogeneous catalyst, based on the total weight of such slurry.
Preferably such a slurry is a slurry of heterogeneous catalyst in water and/or an alkylene glycol, for example ethylene
glycol and/or propylene glycol and/or butylene glycol, and/or a polyol.
[0050] The weight ratio of the total amount of tungsten species (calculated on metal basis) provided to the reactor, to
the transition metal (calculated on metal basis) provided to the reactor, may vary between wide ranges. The weight ratio
of weight tungsten to the total weight of transition metal, all calculated on metal basis, as provided to the reactor preferably
ranges from equal to or more than 1:3000 to equal to or less than 50:1 (tungsten metal: transition metal weight ratio
(wt/wt)). More preferably the weight ratio of weight tungsten to the total weight of transition metal, all calculated on metal
basis, as provided to the reactor preferably ranges from equal to or more than 1:200 to equal to or less than 50:1 (tungsten
metal: transition metal weight ratio (wt/wt)).
[0051] The weight ratio of the total amount of tungsten species (calculated on metal basis) present in the reactor, to
the transition metal (calculated on metal basis) present in the reactor, may also vary between wide ranges. The weight
ratio of weight tungsten to the total weight of transition metal, all calculated on metal basis, as present in the reactor
preferably ranges from equal to or more than 1:3000 to equal to or less than 50:1 (tungsten metal: transition metal weight
ratio (wt/wt)). More preferably the weight ratio of weight tungsten to the total weight of transition metal, all calculated on
metal basis, as present in the reactor preferably ranges from equal to or more than 1:200 to equal to or less than 50:1
(tungsten metal: transition metal weight ratio (wt/wt)).
[0052] More preferably the molar ratio of moles tungsten to the total moles transition metal, all calculated on metal
basis, as provided to the reactor, preferably ranges from equal to or more than 1:1 to equal to or less than 25:1, more
preferably from equal to or more than 2:1 to equal to or less than 20:1 (tungsten metal : transition metal mole ratio
(moles/moles)).
[0053] Also the molar ratio of moles tungsten to the total moles transition metal, all calculated on metal basis, as
present in the reactor, preferably ranges from equal to or more than 1:1 to equal to or less than 25:1, more preferably
from equal to or more than 2:1 to equal to or less than 20:1 (tungsten metal: transition metal mole ratio (moles/moles)).
[0054] The concentration of tungsten species, calculated as tungsten metal, based on the weight of carbohydrate
source introduced into the reactor, preferably ranges from equal to or more than 0.1 wt. %, more preferably from equal
to or more than 1 wt. % to equal to or less than 50 wt. %, more preferably equal to or less than 35 wt. %. Even more
preferably the concentration of tungsten species, calculated as tungsten metal, based on the weight of carbohydrate
source introduced into the reactor, preferably ranges from equal to or more than 0.2 wt. %, even more preferably from
equal to or more than 2 wt. % to equal to or less than 25 wt. %.
[0055] The concentration of transition metal introduced per hour into the reactor, based on the weight of carbohydrate
source introduced per hour into the reactor, preferably ranges from equal to or more than 0.001 wt. %, more preferably
from equal to or more than 0.01 wt. %, even more preferably from equal to or more than 0.1 wt. %, more preferably from
equal to or more than 0.2 wt. % to equal to or less than 2.0 wt. %, more preferably to equal to or less than 1.0 wt. %.
[0056] Step (i) suitably comprises reacting, in a reactor, at a temperature in the range from equal to or more than
170°C to equal to or less than 270°C, at least a portion of the carbohydrate source in the presence of hydrogen, the
solvent, the homogeneous catalyst, which homogeneous catalyst contains tungsten, and the heterogeneous catalyst,
which heterogeneous catalyst contains one or more transition metals from groups 8, 9 and 10 of the Periodic Table of
the Elements. Such step (i) suitably yields ethylene glycol and a spent heterogeneous catalyst.
[0057] The reactor can be any type of reactor known to be suitable for the production of ethylene glycol from a
carbohydrate source. Preferably the reactor is an agitated or mixed reactor. The reactor can for example be a slurry
reactor, an ebulated bed reactor, a fluidized bed reactor, a bubble reactor, an external recycle loop reactor, a continuous
stirred tank reactor (CSTR) or another type of mechanically agitated reactor. Most preferably the reactor is a continuously
stirred tank reactor (CSTR). The use of a CSTR is very advantageous for the present process as the CSTR provides
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an excellent means for diluting the eventual concentration of the carbohydrate in the CSTR, whereas the feed stream
may comprise a high concentration of carbohydrate. At the same time the alkylene glycols that are produced by the
reaction of the carbohydrate provide a medium wherein tungsten species may be dissolved, thereby benefitting the
catalytic activity of the tungsten catalyst component. Hence, it is preferred that the homogeneous catalyst contains or
consists of tungsten species dissolved a solvent, which solvent comprises or consists of one or more alkylene glycols.
[0058] The reactor can also be a plug flow reactor. Heterogeneous catalyst can be provided to such a plug flow reactor
as a slurry or it can suitably be present as a fixed bed.
[0059] The residence time in the reactor may vary. Preferably the mean residence time of the carbohydrate source in
the reactor is at least 1 min. (By mean residence time is herein understood the average time spent by a material flowing
at a volumetric rate "u" through a volume "V", as further explained in the handbook "Modeling of Chemical Kinetics and
Reactor Design" by A. Kayode Coker, published in 2001 by Butterworth Heinemann). Preferably the mean residence
time of the carbohydrate source is in the range from equal to or more than 1 minutes to equal to or less than 6 hours,
more preferably from equal to or more than 3 minutes to 2 hours, most preferable in the range from equal to or more
than 5 minutes to equal to or less than 45 minutes. If the carbohydrate source reacts quickly, however, the mean residence
time may also be shorter than 5 minutes and even shorter than 3 minutes.
[0060] If a feed stream to the reactor is used containing in the range of equal to or more than 20.0 wt. % of carbohydrate
source, based on the total weight of the carbohydrate source and solvent, the mean residence time of the carbohydrate
source in the reactor is preferably equal to or more than 5 minutes, more preferably equal to or more than 10 minutes,
and preferably equal to or less than 2 hours, more preferably equal to or less than 45 minutes. It is believed that such
a longer mean residence time can advantageously assist to convert a feedstream with a higher concentration of carbo-
hydrate source.
[0061] Preferably the process is a continuous process. Preferably a continuous process is operated at a weight hourly
space velocity (WHSV), expressed as the mass of carbohydrate source per mass of transition metal, expressed as
metal, per hour, in the range of 0.01 to 100 hr-1, preferably from 0.05 to 10 hr-1. For practical purposes a WHSV in the
range between 0.5 to 2.0 hr-1 can be used.
[0062] The hydrogen partial pressure applied during step (i) preferably lies in the range from equal to or more than
1.0 Megapascal (MPa), preferably equal to or more than 2.0 MPa, more preferably equal to or more than 3.0 MPa to
equal to or less than 16.0 MPa, preferably equal to or less than 12.0 MPa, more preferably equal to or less than 8.0
MPa. All pressures herein are absolute pressures.
[0063] The total pressure applied during the reaction is suitably at least 1.0 MPa, preferably at least 2.0 MPa, more
preferably at least 3.0 MPa. The total pressure applied during the reaction is suitably at most 16.0 MPa, more preferably
at most 10.0 MPa. Preferably the reactor is pressurized with hydrogen before addition of any starting material. The
person skilled in the art will understand that the pressure at 20 °C will be lower than the actual pressure at the reaction
temperature. The pressure applied during the reaction when converted back to 20 °C, preferably equals a pressure in
the range from equal to or more than 0.7 MPa to equal to or less than 8.0 MPa.
[0064] As explained before, the total pressure may be applied by hydrogen gas or a hydrogen-containing gas, optionally
in combination with the partial pressures of the contents of the reaction mixture.
[0065] It is preferred to maintain the partial hydrogen pressure at the reaction temperature within such range from 1.0
MPa to 16.0 MPa, preferably during the entire reaction. Therefore hydrogen or a hydrogen-containing gas is preferably
introduced into the reaction mixture during reaction as explained above.
[0066] During the reaction the carbohydrate source can suitably be contacted with the hydrogen and the hydrogen
may suitably be consumed. Hence, when reacting at least a portion of the carbohydrate source with hydrogen, the
hydrogen is preferably supplemented.
[0067] If the process is a continuous or semi-continuous process, the hydrogen is preferably supplied in a continuous
or semi-continuous manner.
[0068] In the reactor at least a portion of the carbohydrate source is reacted in the presence of the hydrogen, or with
the hydrogen, at a temperature in the range from equal to or more than 170°C to equal to or less than 270 °C. More
preferably a temperature in the range from equal to or more than 200°C to equal to or less than 250 °C is applied. The
reactor may be brought to a temperature within these ranges before addition of any starting material and can be maintained
at a temperature within the range.
[0069] As indicated above, without wishing to be bound to any theory it is believed that in the environment that is
created in the reaction zone, hexavalent tungsten compounds and pentavalent tungsten compounds may exist and that
it may be these tungsten species that are effective in attacking the carbon-carbon bonds in saccharides to form alkylene
glycol precursors. It is further believed that both the hexavalent and the pentavalent tungsten compounds may deposit,
for example by adsorption, onto the surface of the heterogeneous catalyst and may thereby inactivate the heterogeneous
catalyst.
[0070] Aiqin Wang et al., in their article titled "One-Pot Conversion of cellulose to Ethylene Glycol with Multifunctional
Tungsten-Based Catalysts" published in Accounts of Chemical Research (2013), vol. 46, pages 1377 to 1386, describes
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a one-pot catalytic conversion of cellulose to ethylene glycol. Aiqin Wang et al. suggest that when using tungsten
compounds in combination with a hydrogenation catalyst such as Ni and Ru, dissolved HxWO3 is the genuinely catalytically
active species for C-C cleavage, and the reaction for C-C cleavage of cellulose proceeds through a homogeneous
catalysis pathway.
[0071] Without wishing to be bound by any kind of theory the present inventors believe that the active species for the
cleavage part of the hydrogenolysis reaction may actually comprise a complex of hexavalent tungsten and pentavalent
tungsten. It is believed that hexavalent tungsten may adsorb at the surface of the heterogeneous catalyst, and especially
the transition metal thereof, and is reduced to the pentavalent tungsten, which pentavalent tungsten subsequently may
desorb again from the surface. In solution subsequently a HxW3O10 species may be formed, a complex of hexavalent
tungsten and pentavalent tungsten. The heterogeneous catalyst, comprising one or more materials selected from tran-
sition metals from groups 8, 9 and 10 of the Periodic Table of the Elements, may therefore have two functions: (i)
catalyzing the hydrogenation of the mentioned alkylene glycol precursors to alkylene glycol; and (ii) catalyzing the
reduction of hexavalent tungsten to pentavalent tungsten.
[0072] The present inventors have found that, if operated for a prolonged period of time an increased amount of
tungsten species can become deposited onto the surface of the heterogeneous catalyst, and especially the transition
metal thereof, increasingly preventing the heterogeneous catalyst from catalyzing the hydrogenation of the mentioned
alkylene glycol precursors to alkylene glycol, resulting in a decrease in selectivity towards ethylene glycol. Such tungsten
species may become adsorbed, may become complexed or may in another manner become deposited onto the surface
of the transition metal.
[0073] Hence, by reacting carbohydrates in the presence of hydrogen in the process according to the invention, not
only ethylene glycol is produced, but also spent heterogeneous catalyst is generated, which spent heterogeneous catalyst
is believed to be enriched in deposited tungsten species.
[0074] The molar ratio of moles tungsten to moles transition metal, all calculated as metal, of the spent heterogeneous
catalyst withdrawn from the reactor may thus, suitably on average, be higher than the molar ratio of moles tungsten to
moles transition metal, all calculated as metal, of the heterogeneous catalyst that was introduced to the reactor. For
example, when a slurry of heterogeneous catalyst is provided to a continuously stirred tank reactor (CSTR), the heter-
ogeneous catalyst withdrawn from such CSTR (i.e. the spent heterogeneous catalyst in such a case) is believed to
contain, suitably on average, a higher amount of tungsten species deposited onto its surface than the heterogeneous
catalyst that was provided to the CSTR.
[0075] When a plug flow reactor is used comprising a fixed bed of heterogeneous catalyst, the heterogeneous catalyst
after use in the reaction (i.e. the spent heterogeneous catalyst in such a case) is believed to contain, suitably on average,
a higher amount of tungsten species deposited onto its surface than the heterogeneous catalyst with which the use was
started.
[0076] After the reaction of at least a portion of the carbohydrate source, a reactor product stream can be withdrawn
from the reactor. This reactor product stream suitably contains the ethylene glycol (ethane-1,2-diol) yielded by the
reaction. In addition, the reactor product stream can contain other compounds, such as unreacted carbohydrate source
and one or more by-products such as diethylene glycol (2,2’-oxydi(ethan-1-ol)) propylene glycol (propane-1,2-diol and/or
propane-1,3-diol), glycerol (propane- 1,2,3-triol), butane-1,2-diol, butane-1,3-diol, butane-2,3-diol, butane-1,4-diol, meth-
anol, ethanol, propanol, butanol, sorbitol (hexane-1,2,3,4,5,6-hexol) and/or erythritol (butane-1,2,3,4-tetraol). Propylene
glycol can be an economically interesting by-product and may also be considered a product.
[0077] Step (ii) comprises regenerating the spent heterogeneous catalyst by removing at least a portion of deposited
tungsten species from the spent heterogeneous catalyst. Step (ii) yields a regenerated heterogeneous catalyst.
[0078] Step (ii) is preferably carried out in the absence or essential absence of hydrogen.
[0079] The regeneration can be carried out in any manner known by a person skilled in the art to remove tungsten
species from a catalyst.
[0080] At least a portion of the deposited tungsten species is removed from the spent heterogeneous catalyst by
washing of the spent heterogeneous catalyst with a washing liquid. Such washing suitably yields a washed, regenerated,
heterogeneous catalyst.
[0081] The washing liquid comprises or consists of ethylene glycol, propylene glycol, butylene glycol or a mixture
thereof, such as an ethylene glycol/propylene glycol mixture, an ethylene glycol/butylene glycol mixture or an propylene
glycol/butylene glycol mixture.
[0082] The washing liquid preferably contains no, or essentially no, tungsten species.
[0083] Preferred alkali metal hydroxide solutions include aqueous solutions of sodium hydroxide, potassium hydroxide
and combinations thereof. An aqueous solution of sodium hydroxide is most preferred.
[0084] The washing can be carried out at a wide range of temperatures. Preferably, the washing of the spent hetero-
geneous catalyst is carried out at a temperature (herein also referred to as the "washing temperature") in the range from
equal to or more than 100 °C, more preferably equal to or more than 150 °C, still more preferably equal to or more than
170 °C, and most preferably equal to or more than 180 °C, to equal to or less than 300 °C, more preferably equal to or
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less than 250 °C and most preferably equal to or less than 230 °C.
[0085] The amount of washing liquid applied may vary widely. Preferably the volume of washing liquid applied per
weight of catalyst ranges from equal to or more than 2 ml washing liquid per gram of catalyst (2 ml/gram) to equal to or
less than 500 ml washing liquid per gram of catalyst (500 ml/gram). More preferably the volume of washing liquid applied
per weight of catalyst ranges from equal to or more than 10ml/gram to equal to or less than 100 ml/grams.
[0086] In order to achieve optimal results, it can be advantageous to sequentially apply two or more portions, more
preferably 2 to 5 portions, of washing liquid. That is, preferably the washing of the spent heterogeneous catalyst comprises
two or more, more preferably 2 to 5, washing steps. Preferably each washing step would include washing of the spent
heterogeneous catalyst with a washing liquid and optionally subsequent drying of the washed spent heterogeneous
catalyst. After washing and drying a subsequent washing step could then be initiated. It can also be advantageous to
wash the spent heterogeneous catalyst in a continuous manner by applying a continuous stream of washing liquid to
the spent heterogeneous catalyst.
[0087] If two or more portions of washing liquid are applied, it is possible to use one and the same type of washing
liquid for each portion, but one could also use different types of washing liquid for different portions or washing liquids
with different concentrations for different portions. It can be advantageous to use a combination of washing liquids. For
example the heterogeneous catalyst can first be washed with one washing liquid and can subsequently be washed with
another, different washing liquid.
[0088] The time during which the catalyst is washed (also herein referred to as the "washing time"), can also vary
widely. Good results can already be achieved when a washing time of 1 hour is used. Preferably the washing of the
spent heterogeneous catalyst is carried out whilst applying washing times in the range from equal to or more than 15
minutes to equal to or less than 16 hours, more preferably in the range from equal to or more than 0.5 hour to equal to
or less than 12 hours, and most preferably in the range from equal to or more than 1 hour to equal to or less than 8 hours.
[0089] Drying of the, suitably washed and/or regenerated, heterogeneous catalyst can be carried out in a wide variety
or ways.
[0090] The drying can for example include the application of heat and/or the application of a vacuum and/or the
application of an inert gas. Preferably the washed and/or regenerated catalyst is dried under an inert atmosphere,
preferably under a flow of nitrogen gas, by applying a temperature in the range from equal to or more than 100 °C, more
preferably equal to or more than 150 °C, still more preferably equal to or more than 170 °C, and most preferably equal
to or more than 180 °C, to equal to or less than 300 °C, more preferably equal to or less than 250 °C and most preferably
equal to or less than 230 °C.
[0091] Preferably therefore step (ii) comprises or consists of:

- washing the spent heterogeneous catalyst with a washing liquid, that is, with a washing liquid as described herein,
to yield a washed, regenerated, heterogeneous catalyst;

- drying the washed, regenerated, heterogeneous catalyst, preferably under an inert atmosphere, more preferably
under a flow of inert gas, such as nitrogen gas, preferably by applying a temperature in the range from equal to or
more than 100 °C to equal to or less than 300 °C, to yield a dried, regenerated, heterogeneous catalyst.

[0092] Suitably the dried, regenerated, heterogeneous catalyst can be kept under an inert gas flow, such as a nitrogen
flow, at room temperature (about 20 °C) until re-use and/or recycling thereof.
[0093] Step (ii) can be carried out "in-situ" (i.e. inside the reactor) or "ex-situ" (i.e. outside the reactor).
[0094] If the regeneration is carried out "in-situ", at least a portion of the deposited tungsten species is removed from
the spent heterogeneous catalyst inside the reactor. This may be the preferred method if the heterogeneous catalyst is
present in an immobilized manner, for example if the heterogeneous catalyst is present in the reactor in a fixed bed. In
such a case removing deposited tungsten species from the spent heterogeneous catalyst preferably comprises in-situ
washing of the spent heterogeneous catalyst. The washing can be carried out intermittently, for example by alternating
between a stream containing carbohydrate source and a stream comprising a washing liquid as described above. For
example, a plurality of two or more reactors may be operated in swing-mode where, at any one time, one or more reactors
are operated in a reaction mode where carbohydrate source is reacted, whilst in one or more other reactors deposited
tungsten species are removed from the spent heterogeneous catalyst, for example by washing.
[0095] The regeneration can also be carried out "ex-situ". This may be the preferred method where the reactor is a
slurry reactor, an ebulated bed reactor, a fluidized bed reactor, a bubble reactor, an external recycle loop reactor or a
continuously stirred tank reactor. For example, the regeneration in step (ii) can comprise:

- recovering at least a portion of the spent heterogeneous catalyst from the reactor;
- removing at least a portion of deposited tungsten species from the spent heterogeneous catalyst to thereby produce

a regenerated heterogeneous catalyst;
- recycling at least a portion of the regenerated heterogeneous catalyst to the reactor.
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[0096] The spent heterogeneous catalyst can be recovered from the reactor batchwise, or in a continuous or intermittent
manner. The spent heterogeneous catalyst can be included in a reactor product stream or it can be withdrawn or unloaded
from the reactor via a separate stream.
[0097] Preferably step (ii) comprises

- recovering periodically or continuously at least a portion of the spent heterogeneous catalyst from the reactor;
- removing periodically or continuously at least a portion of deposited tungsten species from such spent heterogeneous

catalyst to thereby produce a regenerated heterogeneous catalyst;
- recycling periodically or continuously at least a portion of the regenerated heterogeneous catalyst to the reactor.

[0098] The spent heterogeneous catalyst can be recovered from the reactor in any manner known by a person skilled
in the art. All or merely a portion of the spent heterogeneous catalyst present can be recovered. In a continuous process,
preferably a portion of the spent heterogeneous catalyst is continuously removed.
[0099] If the spent heterogeneous catalyst is withdrawn from the reactor as a slurry in a liquid, the spent heterogeneous
catalyst can subsequently be separated from such slurry for example by sedimentation, decantation, filtration and/or
centrifugation. Any electrolytes which may be present may be removed with the help of one or more ion exchange resins.
[0100] Subsequently a portion or all of the deposited tungsten species can be removed from the spent heterogeneous
catalyst.
[0101] Preferably any ex-situ washing of the spent heterogeneous catalyst with a washing liquid is carried out by
suspending or slurrying the spent heterogeneous catalyst in the washing liquid. Preferably such washing liquid-hetero-
geneous catalyst suspension or slurry contains in the range from equal to or more than 10 grams/liter to equal to or less
than 500 grams/liter of heterogeneous catalyst. In order to speed up the washing process such suspension or slurry can
be agitated or mixed, for example by stirring. Such mixing, respectively stirring, can be carried out batch-wise, semi-
continuously or continuously. For example, the washing of the spent heterogeneous catalyst with a washing liquid may
conveniently be carried out with the help of a dynamic or static mixer. Preferably such suspension or slurry of the spent
heterogeneous catalyst in washing liquid is stirred, for example at a speed in the range from equal to or more than 20
to equal to or less than 2000 rounds per minute. Preferences for the washing liquid, washing temperature and washing
time are as described above.
[0102] Step (ii) yields a regenerated heterogeneous catalyst. The regenerated heterogeneous catalyst may still com-
prise some residual tungsten deposited onto the transition metal. The tungsten species remaining in the regenerated
heterogeneous catalyst are preferably tungsten species wherein the tungsten has an oxidation state of +4, +5 and/or
+6. More preferably the tungsten species contain or consist of tungsten dioxide (also known as tungsten (IV) oxide)
and/or tungsten trioxide (also known as tungsten (VI) oxide). That is, suitably the regenerated heterogeneous catalyst
comprises remaining tungsten dioxide and/or tungsten trioxide deposited onto the transition metal(s). The average weight
percentage of tungsten, calculated as metal, of such regenerated heterogeneous catalyst, however, may suitably be
lower than the average weight percentage of tungsten, calculated as metal, of the spent heterogeneous catalyst. More
suitably the weight ratio of total amount of tungsten species (calculated on tungsten metal basis) to transition metal
(calculated on metal basis) in the regenerated heterogeneous catalyst is lower than the weight ratio of total amount of
tungsten species (calculated on tungsten metal basis) to transition metal (calculated on metal basis) in the spent heter-
ogeneous catalyst. Preferably the weight ratio of weight tungsten to the total weight of transition metal, all calculated on
metal basis, in the regenerated heterogeneous catalyst is equal to or lower than 30:1, more preferably equal to or lower
than 20:1, even more preferably equal to or lower than 10:1, still more preferably equal to or lower than 5:1(wt/wt), and
most preferably equal to or lower than 2:1 (wt/wt). Suitably the weight ratio of weight tungsten to the total weight of
transition metal, all calculated on metal basis, in the regenerated heterogeneous catalyst is equal to or higher than
1:1000, more suitably equal to or higher than 1:100.
[0103] As illustrated by the examples, such regenerated heterogeneous catalyst may under certain circumstances
even perform better in step (i) than a fresh heterogeneous catalyst. The regenerated heterogeneous catalyst is therefore
believed to be novel and inventive in itself.
[0104] Also disclosed herein, but not as such part of the invention, is a heterogeneous catalyst composition containing:

- one or more transition metals from groups 8, 9 and 10 of the Periodic Table of the Elements, supported on a carrier; and
- one or more tungsten species deposited onto the transition metal(s).

[0105] Preferences for the transition metal are as described herein above. Preferably the heterogeneous catalyst
composition comprises ruthenium and/or nickel. More preferably the transition metal is ruthenium or nickel. Preferences
for the carrier are as described herein above. Preferably such carrier comprises carbon or activated carbon. The tungsten
species are preferably tungsten species wherein the tungsten has an oxidation state of +4, +5 and/or +6. More preferably
the tungsten species contain or consist of tungsten dioxide (also known as tungsten (IV) oxide) and/or tungsten trioxide



EP 3 765 432 B1

13

5

10

15

20

25

30

35

40

45

50

55

(also known as tungsten (VI) oxide). That is, preferably the heterogeneous catalyst composition comprises tungsten
dioxide and/or tungsten trioxide deposited onto the transition metal(s). Preferably the novel heterogeneous catalyst
composition comprises in the range from equal to or more than 1.0 wt. %, more preferably equal to or more than 2.0 wt.
%, still more preferably equal to or more than 5.0 wt. %, to equal to or less than 50.0 wt. %, more preferably equal to or
less than 20.0 wt. %, of transition metal, on the basis of the total weight of transition metal and carrier. If a feed stream
to the reactor is used containing in the range of equal to or more than 20.0 wt. % of carbohydrate source, based on the
total weight of the carbohydrate source and solvent, preferably a heterogeneous catalyst is used comprising in the range
of equal to or more than 5.0 wt. %, more preferably equal to or more than 10.0 wt. %, to equal to or less than 50.0 wt.
%, more preferably equal to or less than 20.0 wt. % of transition metal, on the basis of the total weight of transition metal
and carrier, is used. It is believed that such a higher loading of transition metal can advantageously assist to convert a
feedstream with a higher concentration of carbohydrate source.
[0106] Preferably the weight ratio of weight tungsten to the total weight of transition metal, all calculated on metal
basis, in the novel heterogeneous catalyst composition is equal to or lower than 30:1, more preferably equal to or lower
than 20:1, even more preferably equal to or lower than 10:1, still more preferably equal to or lower than 5:1(wt/wt), and
most preferably equal to or lower than 2:1 (wt/wt). Suitably the weight ratio of weight tungsten to the total weight of
transition metal, all calculated on metal basis, in novel heterogeneous catalyst composition is equal to or higher than
1:1000, more suitably equal to or higher than 1:100.
[0107] Step (iii) comprises using at least a portion of the regenerated heterogeneous catalyst as heterogeneous catalyst
in the reaction of step (i).
[0108] The regenerated heterogeneous catalyst can be recycled to step (i) in any manner known to be suitable by a
person skilled in the art. For example the regenerated heterogeneous catalyst can be mixed with fresh heterogeneous
catalyst and suspended and/or slurried in a solvent, such as the solvents described above for step (i).
[0109] Preferably in the range from equal to or more than 1 wt. %, more preferably equal to or more than 5 wt. %,
most preferably equal to or more than 10 wt. % and equal to or less than 100 wt. %, more preferably equal to or less
than 95 wt. % of the regenerated heterogeneous catalyst is recycled to step (i).
[0110] Preferably, step (i) therefore comprises reacting, in a reactor, at a temperature in the range from equal to or
more than 170°C to equal to or less than 270°C, at least a portion of a carbohydrate source in the presence of hydrogen;
a solvent; a homogeneous catalyst, which homogeneous catalyst contains tungsten; and in the presence of:

(a) a heterogeneous catalyst, which heterogeneous catalyst contains one or more transition metals from groups 8,
9 and 10 of the Periodic Table of the Elements and which heterogeneous catalyst contains no or essentially no
tungsten (this heterogeneous catalyst can herein also be referred to as fresh or virgin heterogeneous catalyst); and/or
(b) a regenerated heterogeneous catalyst, which regenerated heterogeneous catalyst contains tungsten and one
or more transition metals from groups 8, 9 and 10 of the Periodic Table of the Elements. More preferably the
regenerated heterogeneous catalyst contains tungsten species deposited onto the transition metal(s). Further pref-
erences for the regenerated heterogeneous catalyst are as described above for the novel heterogeneous catalyst
composition.

[0111] More preferably, step (i) is preferably carried out in the presence of both:

(a) a heterogeneous catalyst, which heterogeneous catalyst contains one or more transition metals from groups 8,
9 and 10 of the Periodic Table of the Elements and which heterogeneous catalyst contains no or essentially no
tungsten (this heterogeneous catalyst can herein also be referred to as fresh or virgin heterogeneous catalyst); and
(b) a regenerated heterogeneous catalyst, which regenerated heterogeneous catalyst contains tungsten and one
or more transition metals from groups 8, 9 and 10 of the Periodic Table of the Elements. More preferably the
regenerated heterogeneous catalyst contains tungsten species deposited onto the transition metal(s).

[0112] The process is illustrated by non-limiting figure 1.
[0113] In figure 1 a process is illustrated wherein ethylene glycol is produced in a continuously stirred tank reactor
(101). The continuously stirred tank reactor (101) is operated at a temperature of 220 °C, a pressure of 8 MPa and a
stirring rate of 500 rounds per minute. A continuous stream (102) of an aqueous 10 wt. % solution of glucose is supplied
to the continuously stirred tank reactor (101). In addition a continuous stream (103) of an aqueous tungsten-containing
homogeneous catalyst solution comprising 0.15 wt. % tungstic acid and 19 wt. % of glycerol was added, which aqueous
homogeneous catalyst solution was adjusted to a pH of 7 by the addition of sodium hydroxide. As a result of the addition
of sodium hydroxide, sodium tungstate is formed. Further a continuous stream (104) of hydrogen, supplied at a rate of
100 normal milliliters per minute, was provided to the continuously stirred tank reactor (101).
[0114] In the reactor, the glucose is converted to ethylene glycol product and one or more side-products. A product
solution containing ethylene glycol and one or more side-products is removed from the reactor via stream (105). The
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reactor comprises a suspension (107), containing a heterogeneous catalyst suspended in a reaction mixture, which
heterogeneous catalyst comprises 5 wt. % ruthenium carried on an activated carbon support. The suspension (107) is
stirred with stirrer (106), for example at a rate in the range from 500 to 3000 rounds per minute (rpm).
[0115] A portion of the suspension (107) is continuously withdrawn via stream (110) and forwarded to filter unit (111).
In filter unit (111), the suspension (107) is filtered and separated into spent heterogeneous catalyst and liquid reaction
mixture. The liquid reaction mixture is recycled to the reactor via stream (112). The spent heterogeneous catalyst is
forwarded via a screw feed (113) to regeneration unit (114). In regeneration unit (114) the spent heterogeneous catalyst
is dried and washed 3 times with a 50/50 wt/wt mixture of ethylene glycol and butylene glycol to thereby generate a
stream of regenerated heterogeneous catalyst suspended in 50/50 wt/wt mixture of ethylene glycol and butylene glycol.
The suspended regenerated heterogeneous catalyst is recycled via stream (115) to the continuously stirred tank reactor
(101). Optionally additional fresh heterogeneous catalyst is added via make-up stream (116).
[0116] The process is herein below further illustrated by the following non-limiting examples.
[0117] Examples 3-13 and comparative examples A. 1 and 2:
A spent heterogeneous catalyst, comprising ruthenium on activated carbon, was obtained from a reaction of glucose to
ethylene glycol in the presence of hydrogen, a homogeneous tungsten-containing catalyst and a heterogeneous catalyst
comprising 5 wt. % ruthenium on activated carbon catalyst (i.e. 5 wt. % Ru/AC) in a continuously stirred tank reactor at
a temperature of about 220 °C. The spent heterogeneous catalyst was isolated and subsequently dried before being
used in the examples as listed below.
[0118] In comparative example A, the spent heterogeneous catalyst was not washed.
[0119] For each of the examples 3-13 and comparative examples A, 1 and 2 about 1.0 grams of the dried spent
heterogeneous catalyst was weighed into a round bottom flask. Hereafter an amount in milliliters (ml) of washing liquid
as summarized in Table 1 was added per gram (g) of spent heterogeneous catalyst, and the spent heterogeneous
catalyst was suspended in the washing liquid. In comparative example 2 an aqueous solution of sodium hydroxide
(NaOH/water) was used in a molar ratio of sodium to tungsten (Na:W) of 2:1.
[0120] The suspension was heated to a temperature as summarized in Table 1 and stirred for a number of hours as
summarized in Table 1. Evaporation of the washing liquid was prevented by a reflux set-up. Each suspension was stirred
at a speed of 500 rounds per minute (rpm).
[0121] Subsequently the suspension was cooled and filtered over a 1 micrometer (mm) glass filter using a Buchner
funnel (Whatmann glass microfiber filter cat no. 1821-042) and a solid residue was obtained. The solid residue remaining
on the filter was washed with 500 ml ultrapure water (MilliQ). Subsequently the obtained solid residue was dried overnight
at 70 °C under vacuum in a vacuum oven. The tungsten and ruthenium content and the weight ratio of tungsten to
ruthenium in the washed and dried solid residue was determined by Inductively coupled Plasma (ICP) analysis and
summarized in Table 1. The weight percentages as listed in Table 1 are based on the total weight of the solid residue.
The skilled person will therefore understand that when the relative weight percentage of tungsten metal increases, the
total weight of the solid residue may increase and hence the relative weight percentage of ruthenium may decrease,
even where the absolute amount of ruthenium actually remains equal.
[0122] As illustrated by comparative examples 1 and 2, the difference between the aqueous sodium hydroxide solution
and the glycerol as washing solvents was relatively small, but glycerol was more effective. From the initial about 48 wt.
% tungsten, about 19 wt. % was left after washing with glycerol. When using the aqueous sodium hydroxide solution as
washing solvent, about 22 wt. % remained.
[0123] Economically, it would be beneficial to use a (side) product stream from the process, such as an 90:10 wt/wt
ethylene glycol/propylene glycol (EG/PG) mixture, as washing solvent. As illustrated by examples 3 to 7, such a side
product stream can be very effective as a washing solvent. In all cases, the tungsten content of the dried spent hetero-
geneous catalyst after washing with EG/PG was lower than when this catalyst was washed with an aqueous sodium
hydroxide solution or glycerol. The experiment at 4 hrs and 50 g/l with EG/PG solvent resulted in a tungsten content of
about 14 wt. % compared to about 22 wt. % and about 19 wt. % with aqueous sodium hydroxide solution and glycerol
respectively.
[0124] Another (side) product stream from the process can be a 50:50 wt/wt ethylene glycol/butylene glycol azeotrope
(EG/BG) mixture. As illustrated by examples 8 to 14 and especially when comparing examples 1, 2, 3 and 8 and 9, it
can be found that such an ethylene glycol/butylene glycol mixture was the most effective washing liquid.
[0125] As illustrated in Table 1, the washing time and amount of washing liquid per gram of catalyst were also varied.
As illustrated by examples 3, 4 and 5, when the washing time was extended to 6 hours, the tungsten content dropped
significantly independent of the washing liquid to catalyst ratio. A shorter washing time generally resulted in a higher
tungsten content although this was not the case when the washing liquid to catalyst ratio was lowered.
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[0126] Examples 14-17 and comparative examples, B, C, 18 and 19:
The washed and dried solid residues obtained in comparative examples 1 and and examples 3 to 13 exemplify regenerated
heterogeneous catalysts.
[0127] To test these regenerated heterogeneous catalysts, an equivalent amount of regenerated catalyst from com-
parative example 1 and examples 3 and 9, corresponding to about 12.5 milligrams (mg) of ruthenium, was weighted
into a 6 ml full-liquid continuously stirred tank reactor. A mixture of 10 wt. % glucose, 0.15 wt. % H2WO4, 0.18 grams/liter
NaOH and 19 wt. % glycerol in water was fed continuously with a rate of 0.25 ml/min. The pH of the feed was about 7.
The CSTR was operated at a temperature of 220°C and a pressure of 8 MPa. A hydrogen flow of 100 normal milliliters
per minute (Nml/min) was applied. (Normal liters per minute reflect the liters per minute corrected to standardized
conditions of a temperature of 0°C and an absolute pressure of 1 atmosphere (corresponding to 0.101 MPa)).
[0128] From the reactor effluent a sample was taken at about 90 minutes of runtime and at about 240 minutes of
runtime and analyzed by liquid chromatography (LC). The results are summarized in table 2.
[0129] As a comparison the same test was carried out with a fresh heterogeneous catalyst, comprising 5 wt. %
ruthenium on activated carbon and no tungsten. (see comparative examples B and C)
[0130] A test with non-washed dried spent catalyst of comparative example A was stopped because humins formation
was observed.
[0131] As illustrated by the results in table 2, the use of regenerated heterogeneous catalysts results in an at least

Table1

Ex. Washing 
liquid

Washing 
time (hrs)

Washing 
temperature 

(°C)

Washing liquid 
per gram catalyst 

(ml/g)

Residual 
W (wt. %)

Residual 
Ru ( wt. %)

Weight 
ratio 
W/Ru

A* None n.a. n.a. n.a. 48.0 1.5 31.8

1* Glycerol 4 200 50 19.3 3.0 6.5

2* NaOH/
water

4 200 50 22.2 3.1 7.1

3 EG/PG 
(90/10)

4 200 50 13.5 3.5 3.8

4 EG/PG 
(90/10)

6 200 100 4.4 3.8 1.2

5 EG/PG 
(90/10)

6 200 33.3 4.4 3.8 1.2

6 EG/PG 
(90/10)

2 200 50 16.8 3.2 5.3

7 EG/PG 
(90/10)

2 200 33.3 11.0 3.6 3.1

8 EG/BG 
(50/50)

4 200 50 5.9 3.9 1.5

9 EG/BG 
(50/50)

4 200 50 7.3 3.8 1.9

10 EG/BG 
(50/50)

1 200 50 15.6 3.5 4.5

11 EG/BG 
(50/50)

2 200 10 15.7 3.1 5.1

12 EG/BG 
(50/50)

4 200 10 14.5 3.2 4.6

13 EG/BG 
(50/50)

16 200 10 14.2 3.0 4.7

* Comparative example
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equal, but at least for examples 14 to 17 significantly better, ethylene glycol selectivities. Furthermore the regenerated
heterogeneous catalysts can be used for several hours.
[0132] The results of table 2 hence illustrate that when spent heterogeneous catalyst is regenerated by removing at
least a portion of deposited tungsten species from the spent heterogeneous catalyst it can be re-used in a process for
producing ethylene glycol. As a result, prolonged runtimes can be achieved.

Claims

1. A process for the production of ethylene glycol including the steps of:

(i) reacting, in a reactor, at a temperature in the range from equal to or more than 170°C to equal to or less than
270°C, at least a portion of a carbohydrate source in the presence of hydrogen, a solvent, a homogeneous
catalyst, which homogeneous catalyst contains tungsten, and a heterogeneous catalyst, which heterogeneous
catalyst contains one or more transition metals from groups 8, 9 and 10 of the Periodic Table of the Elements,
yielding ethylene glycol and a spent heterogeneous catalyst;
(ii) regenerating the spent heterogeneous catalyst by removing at least a portion of deposited tungsten species
from the spent heterogeneous catalyst, yielding a regenerated heterogeneous catalyst; and
(iii) using at least a portion of the regenerated heterogeneous catalyst as heterogeneous catalyst in the reaction
of step (i);

wherein at least a portion of the deposited tungsten species is removed from the spent heterogeneous catalyst by
washing of the spent heterogeneous catalyst with a washing liquid, wherein the washing liquid comprises or consists
of ethylene glycol, propylene glycol, butylene glycol or a mixture thereof.

2. The process according to claim 1, wherein the homogeneous catalyst contains tungsten which tungsten is present
as a tungsten compound or tungsten derived from a tungsten compound.

3. The process according to claim 1 or claim 2, wherein the homogeneous catalyst contains or consist of recycled
tungsten species recovered, directly or indirectly, from the effluent of the reactor.

4. The process according to any one of claims 1 to 3, wherein the homogeneous catalyst contains or consists of a
complex of hexavalent tungsten and pentavalent tungsten.

5. The process according to any one of claims 1 to 4, wherein the molar ratio of moles tungsten to moles transition
metal, all calculated as metal, of the spent heterogeneous catalyst is higher than the molar ratio of moles tungsten
to moles transition metal, all calculated as metal, of the heterogeneous catalyst as introduced to the reactor

Table 2

Heterogeneous catalyst
Example Runtime 

(min)
Conv % MassBal 

%
EG 
Sel 
%

PG 
Sel 
%

Fresh catalyst comprising 5 wt. % ruthenium 
on activated carbon

B* 90 100.0 80.4 52.9 13.8

C* 242 100.0 77.7 58.7 11.3

Regenerated catalyst of example 9 (washed 
with EG/BG)

14 90 99.8 91.3 67.8 12.1

15 243 100.0 90.4 70.9 10.2

Regenerated catalyst of example 3 (washed 
with EG/PG)

16 90 99.4 96.2 72.6 10.0

17 240 100.0 87.8 68.4 11.3

Regenerated catalyst of example 1 (washed 
with Glycerol)

18* 90 99.7 71.9 53.6 9.4

19* 245 99.9 82.4 65.1 7.8

* Comparative example
** A test with non-washed dried spent catalyst of comparative example A was stopped because humins formation
was observed.
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6. The process according to any one of claims 1 to 5, wherein step (ii) comprises or consists of:

- washing the spent heterogeneous catalyst with a washing liquid to yield a washed, regenerated, heterogeneous
catalyst;
- drying the washed, regenerated, heterogeneous catalyst to yield a dried, regenerated, heterogeneous catalyst.

7. The process according to any one of claims 1 to 6, wherein the washing of the spent heterogeneous catalyst with
the washing liquid is carried out at a temperature in the range from equal to or more than 150 °C to equal to or less
than 250 °C.

8. The process according to any one of claim 1 to 7, wherein the washing of the spent heterogeneous catalyst comprises
two or more washing steps.

9. The process according to any one of claim 1 to 8, wherein step (ii) comprises:

- recovering at least a portion of the spent heterogeneous catalyst from the reactor;
- removing at least a portion of deposited tungsten species from the spent heterogeneous catalyst to thereby
produce a regenerated heterogeneous catalyst;
- recycling at least a portion of the regenerated heterogeneous catalyst to the reactor.

10. The process according to claim 9, wherein step (ii) comprises

- recovering periodically or continuously at least a portion of the spent heterogeneous catalyst from the reactor;
- removing periodically or continuously at least a portion of deposited tungsten species from such spent heter-
ogeneous catalyst to thereby produce a regenerated heterogeneous catalyst;
- recycling periodically or continuously at least a portion of the regenerated heterogeneous catalyst to the reactor.

11. The process according to any one of claims 1 to 10, wherein step (ii) is carried out in the absence of hydrogen.

12. The process according to any one of claim 1 to 11, wherein the tungsten species contain or consist of tungsten
dioxide and/or tungsten trioxide.

13. The process according to any one of claim 1 to 12, wherein the average weight percentage of tungsten, calculated
as metal, of the regenerated heterogeneous catalyst is lower than the average weight percentage of tungsten,
calculated as metal, of the spent heterogeneous catalyst.

14. The process according to any one of claims 1 to 13, wherein step (i) comprises

reacting, in a reactor, at a temperature in the range from equal to or more than 170°C to equal to or less than
270°C, at least a portion of a carbohydrate source,
in the presence of hydrogen; a solvent; and a homogeneous catalyst, which homogeneous catalyst contains
tungsten; and
in the presence of:

(a) a heterogeneous catalyst, which heterogeneous catalyst contains one or more transition metals from
groups 8, 9 and 10 of the Periodic Table of the Elements and which heterogeneous catalyst contains no
or essentially no tungsten; and/or
(b) a regenerated heterogeneous catalyst, which regenerated heterogeneous catalyst contains tungsten
and one or more transition metals from groups 8, 9 and 10 of the Periodic Table of the Elements.

Patentansprüche

1. Vorgang für die Herstellung von Ethylenglykol, der die folgenden Schritte beinhaltet:

(i) Reagieren in einem Reaktor bei einer Temperatur in dem Bereich von gleich oder mehr als 170 °C bis gleich
oder weniger als 270 °C, wenigstens eines Anteils einer Kohlenhydratquelle in der Gegenwart von Wasserstoff,
einem Lösungsmittel, einem homogenen Katalysator, wobei der homogene Katalysator Wolfram enthält, und
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einem heterogenen Katalysator, wobei der heterogene Katalysator ein oder mehrere Übergangsmetalle aus
den Gruppen 8, 9 und 10 des Periodensystems der Elemente enthält, womit sich Ethylenglycol und ein ver-
brauchter heterogener Katalysator ergeben;
(ii) Regenerieren des verbrauchten heterogenen Katalysators durch Entfernen wenigstens eines Anteils der
abgeschiedenen Wolframarten aus dem verbrauchten heterogenen Katalysator, womit sich ein regenerierter
heterogener Katalysator ergibt; und
(iii) Verwenden wenigstens eines Anteils des regenerierten heterogenen Katalysators als heterogenen Kataly-
sator in der Reaktion von Schritt (i);

wobei wenigstens ein Anteil der abgeschiedenen Wolframarten von dem verbrauchten heterogenen Katalysator
durch Waschen des verbrauchten heterogenen Katalysators mit einer Waschflüssigkeit entfernt wird, wobei die
Waschflüssigkeit Ethylenglykol, Propylenglykol, Butylenglykol oder eine Mischung davon umfasst oder daraus be-
steht.

2. Vorgang nach Anspruch 1, wobei der homogene Katalysator Wolfram enthält, wobei Wolfram als Wolframverbindung
oder Wolfram, das von einer Wolframverbindung abstammt, vorliegt.

3. Vorgang nach Anspruch 1 oder 2, wobei der homogene Katalysator rückgeführte Wolframarten, die direkt oder
indirekt aus dem Abfluss des Reaktors zurückgewonnen werden, enthält oder daraus besteht.

4. Vorgang nach einem der Ansprüche 1 bis 3, wobei der homogene Katalysator einen Komplex aus sechswertigem
Wolfram und fünfwertigem Wolfram enthält oder daraus besteht.

5. Vorgang nach einem der Ansprüche 1 bis 4, wobei das Molverhältnis von Mol-Wolfram zu Mol-Übergangsmetall,
gesamt berechnet als Metall, des verbrauchten heterogenen Katalysators höher als das Molverhältnis von Mol-
Wolfram zu Mol-Übergangsmetall, gesamt berechnet als Metall, des heterogenen Katalysators, wie er in den Reaktor
eingeführt wird, ist.

6. Vorgang nach einem der Ansprüche 1 bis 5, wobei Schritt (ii) Folgendes umfasst oder aus Folgendem besteht:

- Waschen des verbrauchten heterogenen Katalysators mit einer Waschflüssigkeit, um einen gewaschenen,
regenerierten, heterogenen Katalysator zu ergeben;
- Trocknen des gewaschenen, regenerierten, heterogenen Katalysators, um einen getrockneten, regenerierten,
heterogenen Katalysator zu ergeben.

7. Vorgang nach einem der Ansprüche 1 bis 6, wobei das Waschen des verbrauchten heterogenen Katalysators mit
der Waschflüssigkeit bei einer Temperatur in dem Bereich von gleich oder mehr als 150 °C bis gleich oder weniger
als 250 °C durchgeführt wird.

8. Vorgang nach einem der Ansprüche 1 bis 7, wobei das Waschen des verbrauchten heterogenen Katalysators zwei
oder mehr Waschschritte umfasst.

9. Vorgang nach einem der Ansprüche 1 bis 8, wobei Schritt (ii) Folgendes umfasst:

- Zurückgewinnen wenigstens eines Anteils des verbrauchten heterogenen Katalysators aus dem Reaktor;
- Entfernen wenigstens eines Anteils der abgeschiedenen Wolframarten aus dem verbrauchten heterogenen
Katalysator, um dadurch einen regenerierten heterogenen Katalysator herzustellen;
- Rückführen wenigstens eines Anteils des regenerierten heterogenen Katalysators zu dem Reaktor.

10. Vorgang nach Anspruch 9, wobei Schritt (ii) Folgendes umfasst:

- periodisches oder fortlaufendes Zurückgewinnen wenigstens eines Anteils des verbrauchten heterogenen
Katalysators aus dem Reaktor;
- periodisches oder fortlaufendes Entfernen wenigstens eines Anteils der abgeschiedenen Wolframarten aus
einem solchen verbrauchten heterogenen Katalysator, um dadurch einen regenerierten heterogenen Kataly-
sator herzustellen;
- periodisches oder fortlaufendes Rückführen wenigstens eines Anteils des regenerierten heterogenen Kataly-
sators zu dem Reaktor.
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11. Vorgang nach einem der Ansprüche 1 bis 10, wobei Schritt (ii) in der Abwesenheit von Wasserstoff durchgeführt wird.

12. Vorgang nach einem der Ansprüche 1 bis 11, wobei die Wolframarten Wolframdioxid und/oder Wolframtrioxid
enthalten oder daraus bestehen.

13. Vorgang nach einem der Ansprüche 1 bis 12, wobei der durchschnittliche Gewichtsprozentsatz von Wolfram, be-
rechnet als Metall, des regenerierten heterogenen Katalysators niedriger als der durchschnittliche Gewichtspro-
zentsatz von Wolfram, berechnet als Metall, des verbrauchten heterogenen Katalysators ist.

14. Vorgang nach einem der Ansprüche 1 bis 13, wobei Schritt (i) Folgendes umfasst:

Reagieren in einem Reaktor bei einer Temperatur in dem Bereich von gleich oder mehr als 170 °C bis gleich
oder weniger als 270 °C wenigstens eines Anteils einer Kohlenhydratquelle in der Gegenwart von Wasserstoff;
einem Lösungsmittel; und
einem homogenen Katalysator, wobei der homogene Katalysator Wolfram enthält; und in der Gegenwart von:

(a) einem heterogenen Katalysator, wobei der heterogene Katalysator ein oder mehrere Übergangsmetalle
aus den Gruppen 8, 9 und 10 des Periodensystems der Elemente enthält und wobei der heterogene Ka-
talysator kein oder im Wesentlichen kein Wolfram enthält; und/oder
(b) einem regenerierten heterogenen Katalysator, wobei der regenerierte heterogene Katalysator Wolfram
und ein oder mehrere Übergangsmetalle aus den Gruppen 8, 9 und 10 des Periodensystems der Elemente
enthält.

Revendications

1. Procédé de production d’éthylène glycol comportant les étapes suivantes :

(i) la réaction, dans un réacteur, à une température comprise dans une plage égale ou supérieure à 170 °C et
égale ou inférieure à 270 °C, d’au moins une partie d’une source de glucides en présence d’hydrogène, d’un
solvant, d’un catalyseur homogène, le catalyseur homogène contenant du tungstène et un catalyseur hétéro-
gène, le catalyseur hétérogène contenant un ou plusieurs métaux de transition des groupes 8, 9 et 10 du tableau
périodique des éléments, produisant de l’éthylène glycol et un catalyseur hétérogène usé ;
(ii) la régénération du catalyseur hétérogène usé en éliminant au moins une partie des espèces de tungstène
déposées du catalyseur hétérogène usé, donnant un catalyseur hétérogène régénéré ; et
(iii) l’utilisation d’au moins une partie du catalyseur hétérogène régénéré comme catalyseur hétérogène dans
la réaction de l’étape (i) ;

au moins une partie de l’espèce de tungstène déposée étant éliminée du catalyseur hétérogène usé par lavage du
catalyseur hétérogène usé avec un liquide de lavage, le liquide de lavage comprenant ou étant constitué d’éthylène
glycol, de propylène glycol, de butylène glycol ou d’un mélange de ceux-ci.

2. Procédé selon la revendication 1, dans lequel le catalyseur homogène contient du tungstène, le tungstène étant
présent sous la forme d’un composé de tungstène ou de tungstène dérivé d’un composé de tungstène.

3. Procédé selon la revendication 1 ou la revendication 2, dans lequel le catalyseur homogène contient ou est constitué
d’espèces de tungstène recyclées récupérées, directement ou indirectement, à partir de l’effluent du réacteur.

4. Procédé selon l’une quelconque des revendications 1 à 3, dans lequel le catalyseur homogène contient ou est
constitué d’un complexe de tungstène hexavalent et de tungstène pentavalent.

5. Procédé selon l’une quelconque des revendications 1 à 4, dans lequel le rapport molaire des moles de tungstène
aux moles de métal de transition, tous calculés en métal, du catalyseur hétérogène usé est supérieur au rapport
molaire des moles de tungstène aux moles de métal de transition, tous calculés en métal, du catalyseur hétérogène
tel qu’introduit dans le réacteur.

6. Procédé selon l’une quelconque des revendications 1 à 5, dans lequel l’étape (ii) comprend ou est constituée :
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- du lavage du catalyseur hétérogène usé avec un liquide de lavage pour donner un catalyseur hétérogène
régénéré et lavé ;
- du séchage du catalyseur hétérogène régénéré et lavé pour donner un catalyseur hétérogène régénéré séché.

7. Procédé selon l’une quelconque des revendications 1 à 6, dans lequel le lavage du catalyseur hétérogène usé avec
le liquide de lavage est réalisé à une température comprise dans la plage égale ou supérieure à 150 °C à égale ou
inférieure à 250 °C.

8. Procédé selon l’une quelconque des revendications 1 à 7, dans lequel le lavage du catalyseur hétérogène usé
comprend deux étapes de lavage ou plus.

9. Procédé selon l’une quelconque des revendications 1 à 8, dans lequel l’étape (ii) comprend :

- la récupération d’au moins une partie du catalyseur hétérogène usé du réacteur ;
- l’élimination d’au moins une partie des espèces de tungstène déposées du catalyseur hétérogène usé pour
produire ainsi un catalyseur hétérogène régénéré ;
- le recyclage d’au moins une partie du catalyseur hétérogène régénéré vers le réacteur.

10. Procédé selon la revendication 9, dans lequel l’étape (ii) comprend

- la récupération périodiquement ou en continu d’au moins une partie du catalyseur hétérogène usé du réacteur ;
- l’élimination périodiquement ou en continu d’au moins une partie des espèces de tungstène déposées d’un
tel catalyseur hétérogène usé pour produire ainsi un catalyseur hétérogène régénéré ;
- le recyclage périodiquement ou en continu d’au moins une partie du catalyseur hétérogène régénéré vers le
réacteur.

11. Procédé selon l’une quelconque des revendications 1 à 10, dans lequel l’étape (ii) est réalisée en l’absence d’hy-
drogène.

12. Procédé selon l’une quelconque des revendications 1 à 11, dans lequel les espèces de tungstène contiennent ou
sont constituées de dioxyde de tungstène et/ou de trioxyde de tungstène.

13. Procédé selon l’une quelconque des revendications 1 à 12, dans lequel le pourcentage en poids moyen de tungstène,
calculé en métal, du catalyseur hétérogène régénéré est inférieur au pourcentage en poids moyen de tungstène,
calculé en métal, du catalyseur hétérogène usé.

14. Procédé selon l’une quelconque des revendications 1 à 13, dans lequel l’étape (i) comprend la réaction, dans un
réacteur, à une température comprise dans la plage égale ou supérieure à 170 °C à égale ou inférieure à 270 °C,
à au moins une partie d’une source de glucides,

en présence d’hydrogène ; d’un solvant ; et d’un catalyseur homogène, le catalyseur homogène contenant du
tungstène ; et
en présence :

(a) d’un catalyseur hétérogène, le catalyseur hétérogène contenant un ou plusieurs métaux de transition
des groupes 8, 9 et 10 du tableau périodique des éléments et le catalyseur hétérogène ne contenant pas
ou essentiellement pas de tungstène ; et/ou
(b) d’un catalyseur hétérogène régénéré, le catalyseur hétérogène régénéré contenant du tungstène et un
ou plusieurs métaux de transition des groupes 8, 9 et 10 du tableau périodique des éléments.
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